In 1952, Hodgkin, Huxley, and Katz (116) described the application of a new experimental method (the voltage clamp) to the study of electrical excitability in the squid giant axon. In the series of papers that immediately followed, proposed that the total ionic current that flowed through the axon membrane could be dissected into two components, one carried by Na ions and the other by K ions. Their recognition and definition of separate Na and K conductances, each independent of the other and sensitive to the membrane potential, led directly to the series of experiments that resulted in a quantitative description of impulse generation and propagation in the squid axon. It was from this quantitative description that emerged Hodgkin and Huxley's most important discovery, the voltage-dependent ion channel. In this review, we have tried to identify their central ideas, describe the modern counterparts, and, in doing so, illustrate how the subsequent course of modern biophysical research has been shaped. Our view of history follows that of Kuhn (136; see also Ref. 74) , who described progress in the physical sciences in terms of sudden shifts in conceptual framework that result from the accumulation of data that are inconsistent with existing concepts. Although other historical interpretations are possible, it is our view that this approach is an especially effective one with which to describe the four-decade-long impact of Hodgkin, Huxley, and Katz.
Many excellent reviews of voltage-dependent K channels have recently appeared (I, 52, 90, 125, 191) , with some organized about various aspects of channel structure (19, 31, 86, 105, 162, 190, 207, 209, 219) , permeation (56, 78, 138) , pharmacology (28,76,164,208), modulation (24, 27, 187, 201) , and distribution (12, 25, 33, 90, 191) . Specific reviews and chapters from Hille's (103) book are also referred to throughout the text wherever appropriate.
II. A BRIEF HISTORY

A. Early Concepts of Membrane Excitability
In the years before the Hodgkin-Huxley description of excitability, research into bioelectric phenomena fell within a common conceptual framework arising from the work of Bernstein (17, 18) and others. During the early 1900s Bernstein proposed that cells were composed of an electrolyte interior surrounded by a membrane that was, for the most part, impermeable to ions. At rest, the membrane had a small but selective permeability to K ions that allowed a Nernstian diffusion potential to develop. When active, the resting potential disappeared as the membrane lost its selective permeability for K ions and became permeable to all ions. This mechanism could explain propagation of the action potential if it were assumed that local currents that flowed through the excited regions were sufficient to stimulate adjacent unexcited regions (94). The conceptual framework that Bernstein and others provided and the ideas that developed from it together comprised a scientific tradition or paradigm (136) that guided research from the turn of the century until the 1950s. Confirmation of these hypotheses was first provided by electrical impedance measurements taken from a wide variety of cell types. Hober (108) applied sinusoidal potentials to suspensions of red blood cells while measuring the resistivity. These measurements revealed that the resistivity of the cells was frequency dependent, falling from 1,200 Q l cm at 1 kHz to 200 &cm at IO MHz. After membrane destruction by saponin, the resistivity remained fixed at 200 Q cm regardless of frequency. Hijber thus concluded that the red blood cell membrane had a very high resistance, whereas the interior was in the range of biological electrolytes.
Why was the resistivity frequency dependent? If it were assumed that the membrane had capacitance (72, 188) , then at high frequencies the current that flowed through this capacitance would short circuit or bypass the membrane resistance, thus allowing the resistance of the cytoplasm to be measured. It is significant that this interpretation depended on an analysis of the electrical behavior of the membrane in terms of an equivalent electrical circuit (95, 188) . With this analytical approach, impedance measurements became an important tool that allowed many physical characteristics of both the cell membrane and interior to be determined.
During the 193Os, impedance measurements in the giant freshwater alga Nitella (26, 41) and squid axon (42) revealed the increase in membrane conductance during excitation that Bernstein had hypothesized. However, the nature of the conductance change and its exact relation to impulse initiation and propagation were unknown.
In addition, a number of inconsistent results existed that were not readily explained within the Bernstein tradition. In particular, the overshoot of the action potential (55, 110, III) could not be accounted for unless it were assumed that the membrane became highly and specifically permeable to Na ions during excitation (117). With the benefit of hindsight, the importance of this "sodium hypothesis" to our current understanding of excitability is clear. At the time, however, the significance of the overshoot of the action potential could be interpreted in two very different ways. To remain consistent with the Bernstein membrane theory, the overshoot had to be viewed as an anomalous observation that provided an opportunity to either adjust the existing ideas or add to them. There had been many anomalous observations before this one, and the current paradigm had provided the means to resolve most of them (however, see Ref. 37 ). Hodgkin, Huxley, and Katz, however, proceeded on the assumption that the participation of Na was no minor shortcoming in the existing theory, rather it was a result that required rejection of some part of Bernstein's membrane theory (117). Their new theory began to take its modern form even before 1947, when Huxley had calculated a propagated action potential that might arise from a rapid increase in Na permeability, followed by a slower decay, and a slow rise in K permeability (109). To test these ideas, Hodgkin sought the suggestions of K. S. Cole about some sort of method for perfusing the interior of the axon with either K or Na or a way to stimulate the axon uniformly over a length of I or 2 cm so that impulse propagation and local circuits would not pose a problem (109). Cole responded quickly with news of experiments that he and Marmont had done with an axon internal electrode and feedback circuit developed by Marmont (154) for the control of membrane current. Moreover, Cole alone had recognized the power of membrane voltage control and, with slight modification to Marmont's circuit (40), had built the first voltage clamp (38). After a brief visit to Cole's laboratory in Chicago in 1948, Alan Hodgkin rejoined Andrew Huxley and Bernard Katz in Plymouth to begin the investigations that would pave the way for the spectacular revisions that soon followed.
B. Hodgkin-Huxley Revolution
As originally described by Kuhn (136) , the transition from one paradigm (in this case, Bernstein) to a new one (Hodgkin-Huxley) constitutes a scientific revolution. In our view, the revolution began with the anomalous experimental findings that resulted in the sodium hypothesis and ended with the publication by Hodgkin and Huxley (115) of a quantitative description of impulse generation and propagation that revealed their discovery of the voltage-dependent gate. On the basis of their measurements of the ionic current through the squid axon membrane, Hodgkin and Huxley showed that the total current was carried chiefly by Na and K ions. They proposed that excitability could be understood in terms of two conductances (or permeabilities), one for Na and the other for K (IIZ), and that the magnitudes of these conductances were determined solely by the membrane potential (114). They clearly had the former idea in mind before they actually began their experiments, since manipulations involving, for example, substitution of choline for Na would have had no special significance within a framework (Bernstein) that recognized the existence of only one conductance (K). In fact, the results of such experiments would have been viewed by the scientific community as random facts, difficult to interpret and perhaps equally (ir)relevant. As illustrated in Figure 1 , the recognition of discrete conductances gave birth to many approaches and techniques routinely used today in the study of voltage-dependent channels. These ideas, approaches, methods, instrumentation, and unexplained phenomena (puzzles) collected along the way together comprise the Hodgkin-Huxley paradigm. Such paradigm-driven research has been previously alluded to as the HodgkinHuxley "axon" by Cole (40) or "program" by Hille (103) .
Why do we regard Hodgkin and Huxley's work as revolutionary?
One new aspect of their analysis was the interpretation of membrane events in terms of separate conductances. Although the idea that membrane conductances measured ionic permeabilities had been suggested much earlier (see Ref. 39) , these conductances were now given a central role. Most importantly, however, their quantitative description of gating (see next section) suggested the presence of a voltage-dependent gating mechanism. When this proposed mechanism accurately reproduced the time course of the action potential (among other things) in the squid axon, the discovery of the voltage-dependent channel was confirmed. Their work is thus distinguished from a mere modification of the Bernstein framework because they provided two new conceptual tools that encompassed most previous results and ideas and led to the new directions summarized in Figure 1 .
In the years immediately following their publication and continuing well into the late 196Os, many of the details of Hodgkin and Huxley's ideas were debated on various technical and theoretical grounds. During this time, however, there were few attacks on the actual foundations of the paradigm. Tracer fluxes (see sect. vB) demonstrated that Na and K ions did indeed cross the membrane during action potentials, and the quantitative description of impulse propagation in the squid attested to the validity of the kinetic approach. Acceptance of the new paradigm occurred rapidly thereafter, since most of the papers that followed addressed questions posed by the paradigm and utilized its framework to find and interpret the answers to those questions. Why was acceptance won so quickly? This question is difficult to answer, and there are many theories concerned with the acceptance of new scientific ideas [for example, see the lengthy discussion in Gale's (74) textbook] . Part of the reason must be that the new framework could account for almost all the work done previously under Bernstein and at the same time furnished many of its own questions and avenues for research that could be followed (and have been) by successive generations of scientists. Through this practice of "normal science" (136), scientists sharing the new paradigm (i.e., the community) could expect to find the answers to many new scientific questions, to obvious anomalies of the past, or even to previously unrecognized anomalous observations (144). There also had to be some general sense that Hodgkin and Huxley's ideas represented some sort of improvement over existing ideas, although the criterion used by the scientific community to make this decision is subject to debate (74) . However, for whatever reasons, the Hodgkin-Huxley revolution was over by the mid-1950s; the paradigm was firmly in place, and many of our present lines of scientific inquiry were already drawn. The few researchers who did not accept the new common ground (129, 146, 147, 181, 214, 216) could not effectively communicate with their peers because there could be no agreement as to which measurements needed to be made or how to interpret them. As a result, their research became irrelevant to the group effort and was subsequently ignored. An important consequence of the concept of discrete conductances was the quantitative description of impulse propagation in the squid axon. This description, representing one part of the Hodgkin-Huxley paradigm (Fig. I) , consisted of two sets of equations that described how the K and Na conductances varied with voltage (and time), each one independent of the other. Beginning with the time course of the K current that was evoked by step depolarizations, Hodgkin and Huxley (115) proposed an empirical model that described the time course of the K conductance (gK) in terms of a single dimensionless variable n. If n were voltage dependent and obeyed a first-order equation, a voltage step would cause its value to change from an initial value no to a final value n, along an exponential time course with time constant 7. This time constant is determined by the coefficients a and p, themselves instantaneous functions of the membrane voltage but indepen-dent of time. However, after a step depolarization the observed axon K currents did not increase with a single exponential time course but with a delayed S-shape quite unlike anything that Hodgkin and Huxley had ever seen before (109). To account for this nonlinearity, n was raised to the fourth power so that the K conductance was described by QK = .sKn4
( 1) where & is the maximum K conductance. The time course of n is given by the solution to the differential equation dn/dt = CY(~ -n> -&a which yields n(t) = n, -(n, -n,) exp(-t/T) where n, = a/(cy + ,8), n, = CY,/(CY, + P,), and 7 = l/(0! + p).
By fitting the time course of the rise in K conductance at various step voltages, 7 (and therefore CY and ,8) was found at each voltage. Although determined from the rising phase of the current, these values also quantitatively described the immediate exponential fall in the K conductance on repolarization (103, 114, 115) . This description of the conductance not only provided a good fit to the time course of activation and deactivation but to action potential propagation in the axon (115), as was originally intended. Did the proposed fourth-power dependence have physical significance? Hodgkin and Huxley (115) proposed (as one plausible mechanism) that four independent and identical dipolar gating particles needed to be in proper place for the conduction pathway to form; n would then be the probability that a single particle is in the correct position. The actual value for n at a given voltage would be determined by the relative rates at which each particle moved into (cu) and out of (p) position.
As mentioned, four gates were the minimum required to provide most of the characteristic sigmoidicity to the rise of the K current after a voltage step. However, as anticipated by Hodgkin and Huxley (115) , it became apparent that more than four gates were needed when this model was applied to currents obtained over extended voltage ranges.
B. Anomalous Kinetic Observations
A significant difficulty for n4 kinetics was the ColeMoore delay. Frankenhaeuser and Hodgkin (66) had found that the sigmoid shape of the K current in squid axon was exaggerated by hyperpolarizing pulses applied just before a depolarizing step: the greater the conditioning hyperpolarization, the greater the apparent delav in the rise of the K current. This phenomenon has been observed in a number of channel ionic currents, including frog node of Ranvier (75, ZOZ) , crayfish axons (226), and pheochromocytoma (PC-12) cells (120), as well as in the gating currents from squid axon (23) and Shaker K channels (22) . Although n4 schemes do predict such a phenomenon (see Fig. Z ), the magnitudes of the delays [--0.1 ms in squid (43), l-5 ms in frog node (183)] are too large for n4 models. To account for the observed effects, Cole and Moore (43) proposed that there must be more than four closed channel states, and for quantitative agreement with the observed delays, n25 kinetics were required. The delay would come about as hyperpolarizing conditioning pulses caused the channels to occupy closed kinetic states further from the open state. However, this large number of identical and independent gates seemed implausible, and it was argued that even if there were only nine gates (El), it was not clear how so many of them would be able to gate the flow of K through the narrow pore without interactions between the gates (218). Prompted by the unfavorable reception afforded the trend toward larger numbers of gates (65, 169) , Hill and Chen (97) tried to reconcile the n25 model with the more plausible n4 kinetics by proposing that a multistep hyperpolarization-sensitive process in each subunit preceded the conventional Hodgkin-Huxleytype gating and therefore introduced the necessary delay in the rise of the K currents. However, Cole and Moore had made their point: simple nx models were no longer adequate and, perhaps, incorrect.
Alternative models that allowed gates or channels to interact with each other were also explored. For example, the empirical models of Hoyt or Tille suggested physical models in which the dispositions of the gating dipoles (121) or conducting states of adjacent channels (218) were no longer independent of each other. Hill and Chen (96, 97 ) tested a variety of kinetic mechanisms in which subunits and adjacent K channels were able to interact, and these models successfully predicted the hyperpolarization-induced delayed rise of the currents. However, these models were dismissed because they failed to predict the time course of the current after the initial rising phase. It had been shown that after the delay, the currents continued with the same time course regardless of the conditioning hyperpolarization in squid (43, 166) and &@coZa (198) , although such superimposable currents have not been observed in frog myehated nerve (14, 183) or crayfish (226). Thus a dilemma existed in the choice for an appropriate model of the K conductance; kinetic evidence suggested that the gates (or adjacent channels) were identical and independent of each other, but the large numbers of gates that were required seemed physically implausible.
C. Dilemmas in Channel Gating
One way out of this dilemma was provided by alternative empirical models that sought to improve the fit to the time course of the current during the early, sigmoid rising phase. Hoyt (121) was able to improve on the K CHANNELS SINCE HODGKIN AND HUXLEY s53 n4 fit by proposing that the assumed exponential time course for n be replaced with an empirically determined function (which might arise from a system of interacting dipoles). Tille (218) proposed a differential equation to describe the currents, whereas other functions, including power law, exponential, and hyperbolic tangent, were found that fit the currents equally well (43; see discussion in Ref. 65) . That these functions could not be discriminated based on the time course of the K current is not surprising given that the sums of exponentials derived from modern kinetic schemes do approximate various types of power laws quite well (159, 163) .
Another way out of the modeling dilemma was to abandon the idea that an appropriate kinetic scheme should be derived from a specific physical picture of channel gating and instead to embrace kinetic models that gave recognition to only the minimum number of states that allowed the time course of the current to be reproduced. This modeling strategy, in which the correspondence between physical structure and kinetic "states" is left for future study, had already proven successful in the study of ligand-gated ion channels (182), beginning with de1 Castillo and Katz (58) in 1957.
The effects of quaternary ammonium derivatives marked a similar watershed event for the study of voltage-dependent K channels. Tasaki and Hagiwara (215) were the first to inject tetraethylammonium ion (TEA) into an axon and observe a reduction in the late (K) current and a prolongation of the action potential. Under similar conditions (8), current-voltage curves showed an "anomalous rectification"
in which inward K current was normal while outward current was nearly absent. Armstrong and Binstock (8) proposed that internally perfused TEA entered the membrane at positive potentials and blocked the outward movement of K but that the large inward current could be seen because the influx of K swept the membrane clear of TEA. Because these effects occurred rapidly, Armstrong (4) The origin of the multiples becomes clear when one considers that there are four gates out of position in state C,, with any one able to move at rate a so that the rate of transition from C, to C, is 4~ Once in state C,, the three remaining gates allow a transition to C, with rate 3cu and so on. Thus these rates reflect the assumption that the gates are identical and do not interact. If they were not, then 15 different structural configurations are possible in which one or more gates is out of position and conduction is blocked, whereas conduction occurs only through the unique conformation that occurs when all four gates are in the proper place (see Ref. 106) . If, however, the gates are assumed to be identical and independent of one another, then many of the configurations become identical, and the model is reduced to only four (kinetically indistinguishable) closed states and one that is open (scheme 2). In terms of the Hodgkin-Huxley empirical model, the open state corresponds to the variable n4 in Equation 1 (4).
D. Single Hodgkin-Huxley
Potassium Channels
The Hodgkin-Huxley empirical model predicts single-channel behavior that can now be tested using the widespread technique of single-channel recording. Scheme 2 was used to predict the behavior of a single K channel during and after step changes in voltage. Given the values of a and p at different voltages (103,115), the characteristics of single-channel openings can be determined by computer simulations of many individual openings (36, 57, 126) or calculated directly from the kinetic scheme (44, 45, 47) . As illustrated in Figure 2 , when the values of the rate constants a and ,@ are changed as they would be during a voltage step from -60 to +lO mV, the channels open after a brief latency and continue to open and close for as long as the depolarization is maintained. During this time, the channel is open (on average) 72% of the time. This result is not unexpected; the values of a and p that were used in Figure 2 yield (n,)4 = [CY/(C\I + @I4 = 0.72, illustrating the correspondence between n4 and single-channel open probability. As expected for a single channel undergoing random transitions among five kinetic states, each open and closed time is different but falls within a distri.bution that is determined by the rate constants (a and ,0) that govern the transitions between the allowed states (47) . These distributions, along with that for first latencies, were also calculated for scheme 2 and are shown in Fig (51, 54, 134, 148, 177) . Similar to the bursts scheme with steady-state kinetic measurements (49) .
observed in ligand-gated channels (46, bursting from the n4 model (scheme R), the state(s) that gives rise to the long shut intervals that separate one burst from another must be designated (46, 49) . If states C,, C1, and C, are given this role, then the average burst would consist of 1+ cr/3@ openings on average (51) or 4.9 openings/burst at +I0 mV. However, single-channel records computed from scheme z ( Fig. 2A) at this voltage do not show obvious patterns of bursts because the bursts are spaced too closely for any pattern to be evident. This is also apparent in the distribution of shut intervals (Fig. .Zc> that is composed of four components with very similar time constants at this voltage. As a result, the overall distribution appears to be a single exponential with no relatively long shut intervals to delineate the bursts (48) , so openings appear in a continuous, random fashion -2 ms apart. At -60 mV, channel openings occur mostly in isolation (1.3 openings/burst), although a few bursts might be observed. Thus bursts of channel openings would be expected from scheme z but only at those voltages at which the longest shut intervals could be readily distinguished from the shorter intervals. Although the Hodgkin-Huxley model predicts bursting, scheme 2 is unable to provide quantitative agreement with experimental observation. Conti and Neher (51) found that openings were indeed grouped into bursts of 2.8 openings on average, but the values for a and ,8 calculated from the measured channel open probability (see previous section) predicted that openings should occur mostly in isolation (1.25 openings/ burst). As described in the next section, kinetic models that can describe most single-channel behavior are not usually based on n"-type schemes.
F. Do Identical Gates Act Independently? I. Evidence from ionic currents
One consequence of the proposal that conduction is controlled by identical and independent gating particles was a kinetic scheme containing rate constants that are multiples of each other (scheme 2). This constraint was eventually abandoned as kinetic results were accumulated that were no longer consistent with nx schemes (for example, see Refs. 4,183). Gilly and Armstrong (79) explored a linear six-state kinetic scheme and found that the fit to the time course of the K current in squid axon could be improved over an n6-type scheme by placing a slow step anywhere in the kinetic chain leading to channel opening. In addition to illustrating the difficulties associated with assigning rate constants to the steps in a kinetic model, this result suggested that the K currents might be more easily accounted for by models in which the rate constants were not constrained by the Hodgkin-Huxley type of physical model. Recent singlechannel studies also support this unconstrained approach. For example, measurements of channel burst kinetics, first latencies, and macroscopic tran .sient outward currents in Drosophila muscle were best descr Nibed by a scheme in which channel opening was very fast and voltage independent (228). Koren et al. (134) used a similar mechanism to describe single-channel first latenties, burst kinetics, and macroscopic currents from cloned rat brain K channels. Again, it was necessary to assume that channel opening was voltage independent and extremely rapid (rate constant 30 ms-l). Thus, although the actual values for the rate constants depend on the assumed mechanism, the kinetics of the ionic currents appear inconsistent with schemes based on independent and identical gating subunits.
Do these schemes have a plausible physical interpretation? Once the rate constants were allowed to take any values (79) , then the closed and open states lost their simple correspondence to the channel conformations associated with the positions of the gating particles (106). In other words, kinetic mechanisms that best account for the kinetics of the K currents cannot be readily interpreted in terms of physical models involving gating by independent and identical subunits. In section IVC, these kinetic conclusions are reconciled with the known (identical) subunit structure of the channel.
Evidence from gating currents
Particularly strong evidence against the identical and independent subunit hypothesis comes from the study of gating currents (for reviews see Refs. 20, 204) . Hodgkin and Huxley (115) had suggested that the movement of the four gating particles might be detectable as a small current, and it is now thought that much of the charge that underlies these small currents is contributed by the S4 segment of each channel subunit (see next section). Because gating currents arise from the movement of charge that is associated with voltage-dependent conformational changes (115; for reviews see Refs. 3, 160, 178) , they can provide information, that ionic currents cannot, about transitions between the closed states of the channel (6, 23). In its simple form, the Hodgkin-Huxley model predicts that the time course of the gating current associated with channel closing should reflect the rate at which the gates move out of position [i.e., exp(-t/7)], whereas the K current should deactivate with time course exp(-t/7)4 = exp(-4t/7). In other words, the ionic current should decay four times faster than the gating current because the gating particles should continue to move well after the channel has closed. However, this prediction is not borne out by the kinetics of gating currents from K channels in squid axon (204, ZZ), constructs from rat brain delayed rectifier channels (210), and Shaker K channels expressed in Xenopus oocytes (22). That is, the time courses of K ionic currents and gating currents are similar or identical during both activation and deactivation. Another prediction of models that feature independent and identical subunits is that the gating currents should rise instantaneously with no appreciable rising phase (6,222). This happens because the rate of movement of the x particles (dx/dt), which is propor-195) are composed of four protein subunits, which can be tional to the gating current, takes on a finite value the identical. Recent work has implicated particular helical moment that particle movement begins. Because all x segments of the channel protein in voltage-sensitive particles are available to move at the instant the voltage gating functions. According to the S4 hypothesis (83, step is applied, the gating current should jump to its 135,179,180), changes in membrane potential cause ropeak value as soon as the voltage pulse initiates particle tation and shifting of the S4 helical regions of each movement (6). Although this prediction is consistent channel subunit (29, 30, 86, 87, 135) . Because every third with the fast rise times observed in (constructs of) amino acid in the S4 region is a positively charged argicloned rat brain delayed rectifier channels and Shaker nine or lysine, these motions of the helix engender an K channels expressed in Xenopus oocytes @IO), rising intramembranous charge movement that contributes to phases have been observed in the latter preparation the observed gating currents (209). Tests of this mecha-(ZZ), as well as in squid axon (204, 222) . Because these nism have been made with Shaker channels by altering results are inconsistent with models that propose indeamino acids in the S4 segment and observing the effects pendent and identical subunits, it has been concluded on activation and inactivation.
As expected, substituthat the subunits must interact during activation tions at any of the seven basic amino acids in the seg-(22, 222). ment have dramatic effects on activation and inactivaIn summary, both channel opening and closing ap-tion (184). However, neutralization of four basic resipear to be rapid and insensitive to voltage (134, 228) . dues within S4 did not reduce the total charge transfer Which steps in the activation sequence are voltage de-across the membrane. Moreover, channel voltage sensipendent? Both ionic and gating currents suggest that tivity was affected by a substitution that should not rethe first step in activation, although not the most rapid, duce the charge on the S4 sequence. Therefore, there is is voltage dependent. Models derived from single-chanmore to the voltage-sensing mechanism than just elecnel measurements of neuronal or neuronally derived trostatic interactions between charged groups and the channels (120, 134) or muscle (134, 205, 228) Hill and Chen (98) proposed that the K larizable side chains. These substitutions caused compaconductance activated slowly because an n4-type gating rable or larger effects on channel behavior than did muprocess was preceded either by voltage-dependent ab-tations of the basic residues. It was concluded that voltsorption of phospholipid molecules to the channel or by age-dependent gating of the channel is achieved translocation of the charged subunits of the channel. through a combination of electrostatic and hydrophobic FitzHugh (65) explored a model in which channels could forces acting on the S4 segment. McCormack et al. (156) be blocked or unblocked by the motion of a single also made conservative substitutions at hydrophobic rescharged particle (perhaps from the surrounding soluidues but along a segment of the channel that overtion or part of a dipole), with each channel possessing lapped segments S4 and S5. This region appeared of inany number of potential blocking sites; n4 kinetics would terest because it is highly conserved across Na, Ca, and arise if it were assumed that only four such sites existed. Shaker K channels, and it contains a leucine "zipper"
Another mechanism involved the formation of conductmotif, five leucine residues separated from each other ing channels through aggregation of subunits. In one by six intervening amino acid residues (155 membrane depolarization causes the S4 helices to shift upward and outward from the center of the channel tetramer, perhaps opening the central pore. However, opening of the channel via movement of S4 alone would not be consistent with the kinetic evidence for a voltageindependent transition that opens the channel (see sects. IIIF and IVC) . To account for this, Durell and Guy (60) have proposed a structural model in which channel gating involves the movement of two a-helical segments of the channel protein (60) . As before, segment S4 constitutes the voltage sensor whose movement gives rise to gating currents. Segment S45 is postulated to be the channel "gate," since mutations there alter activation (157), inactivation (123), and channel conductance (123). In response to depolarization, S4 moves 22.5 A to the extracellular surface and rotates 300" via a helical screw mechanism, during which time the channel remains closed. A voltage-independent outward movement and rotation of segment S45 then moves positively charged residues away from the center of the channel, thus opening the pore.
Gating and ionic current measurements from a delayed rectifier channel that was mutated in the presumed pore region (S5-S6 linker) and expressed in Xenopus oocytes (212) suggest that the gating structures are not entirely independent of the pore-forming regions of each subunit. The mutation, involving eight amino acids, caused a variety of effects that included a reduction in single-channel lifetime and conductance, alterations in TEA blockade, and a ZO-mV depolarizing shift in the steady-state activation curves for ionic and gating currents. On the other hand, Liman et al. (145) found that none of their mutations of the S4 region of rat brain delayed rectifier channels had any effects on ion selectivity (determined by measurements of reversal potential in 50 mM external Rb) or single-channel conductances (wild type compared with two mutants). Thus the exact physical relationship between the voltage-sensing and pore regions of the channel protein and the nature and degree of interactions between the two are yet to be completely understood.
C. Should the Tetrameric Structure of the Channel
Give Rise to n4 Kinetics?
As described in section IIIF, the kinetic evidence obtained from K ionic and gating currents rules out models that feature independent and identical subunits. Similar conclusions have been drawn for voltage-dependent Na channels (for reviews see Refs. 69, 185). However, given that K channels are composed of four protein subunits, what type of kinetics should we expect from this channel? Do the four channel subunits each correspond in some way to the four Hodgkin-Huxley (115) gating particles?
One approach to reconciling the kinetic behavior of the channel with its structure is to view the kinetic "states" as theoretical constructs whose relation to actual channel conformation is unknown. Because the rate constants are not constrained either in symmetry or value, a physical interpretation of this type of scheme is more difficult than with Hodgkin-Huxley-type models. Most likely, the kinetic states that are invoked to describe the currents represent large numbers of related protein conformations.
If this is the case, any conformational states that are in relatively rapid equilibrium with each other, or that do not contribute to channel gating, will be undetectable in kinetic analyses of the gating process (67, 68, 137, 158) . Such schemes are not inconsistent with the structural evidence for identical subunits, since the rate constants could be interpreted as indicators of the interactions between identical subunits.
Another approach to structure and function is a hybrid of the independent subunit and strictly kinetic types, illustrated by the kinetic scheme proposed originally for transient outward currents in Drosophila (228) and applied to delayed rectifiers from rat brain expressed in oocytes (134) In this scheme, four identical subunits are assumed to gate the channel as in the Hodgkin-Huxley formulation and are represented by the first four closed states. The rates of transitions between these closed states would be multiples of the voltage-dependent rate constants a and ,13. The fifth closed state, with a voltage-insensitive transition to the open state, makes this scheme consistent with measurements of channel lifetimes and burst kinetics. Note, however, that because channel opening occurs only after four previous steps have occurred, there must be some interaction between the subunits that signals the completion of these steps and that channel opening can be initiated (228). Structural and mutational studies of Shaker K channels also suggest that interactions between the subunits might be an important aspect of voltage sensing and gating (22, 180, 184, 211) . Another advantage of this type of model is that the total number of kinetic states can exceed the number of subunits. This is important if we are to reconcile the experimental support for models with more than four closed states with the existence of only four subunits. However, for the reasons discussed in section III-F, the Hodgkin-Huxley-type transitions among the first four states render this particular scheme inconsistent with observed gating current rise times and time courses (186) . A recent subunit model for Na channel activation (185) avoids this difficulty by supposing that the movement of four equally charged gates is not entirely independent. Similarly, Schoppa et al. (199) more structural information about the channel into a scheme that is consistent with its kinetic behavior. An intriguing puzzle for future investigation will be to correlate particular physical conformations of the channel with kinetic states that are created by subunit interactions.
We can now attempt to answer the questions posed regarding the relationship between Hodgkin-Huxley n4 kinetics and the tetrameric structure of voltage-dependent K channels. From the results of experiments with mutated channels, it is apparent that the S4 region of each subunit does contribute voltage sensitivity and gating charge to the aggregate channel. Although the contributions from each subunit might not be equal, each subunit would therefore correspond (physically, if not kinetically) to the Hodgkin-Huxley gating particles. In other words, Hodgkin and Huxley's original supposition of four dipolar gates was essentially correct. An interesting question then arises if we compare K channel structure with that of other voltage-dependent channels. If Na and Ca channels are similarly constructed from four internal repeats that are homologous to the individual subunits in K channels, then why is Na channel activation described by third-power kinetics (115, 185) and Ca channel activation by second-power kinetics (34,64)? Guy and Conti (86) suggest that proline residues in some of the S4 segments of these channels might lock that particular S4 in the open-channel conformation. Because K channels have no prolines in S4, Na channels have one, and Ca channels have two, opening of these channels would require activation of four, three, and two gates, respectively.
V. POTASSIUM CHANNEL PERMEATION
A. Are Sodium and Potassium Channels Physically Distinct?
At the heart of the Hodgkin-Huxley formulation was the separation of the total membrane conductance into Na and K conductances. In their empirical description (115), each conductance is treated as an independent permeability pathway, with no relation to the other. However, this kinetic treatment could not specify whether the two permeation pathways were also physically distinct entities, nor could the physical nature of these pathways be specified. Although Hodgkin and Huxley were disappointed by this kinetic ambiguity (log), they were also of the opinion that the two conductance mechanisms were physically separate (115). It is also noteworthy that this vagueness about physical gating mechanisms was not seen as a fatal flaw in the paradigm but as an inviting path for future research.
In the absence of evidence to the contrary, the two separate conductance mechanisms were widely accepted by the scientific community.
In 1968, however, Mullins (168) argued that that there was still no compelling evidence in favor of two shvsicallv distinct channels as opposed to one. Goldman (80, 81) and Mullins (167) each proposed different physical mechanisms that would allow a single pore to modify its selectivity first in favor of Na and then for K, depending on the membrane voltage. Hodgkin and Huxley (115) had earlier rejected a simple form of this hypothesis on the grounds that the rise of the K conductance was slower than the (preceding) Na inactivation.
However, with the proper selection of rates for the transitions among several different pore conformations, the kinetics of the membrane currents predicted by the single-pore models would be identical to those measured by Hodgkin and Huxley. In their reply to Mullins, Narahashi and Moore (173) summarized the prevailing view that although there might not be definitive evidence that favored two distinct pathways over one, the available evidence was most easily interpreted in terms of this view.
The evidence marshalled in favor of two distinct pathways (101,173) is both kinetic and pharmacological in nature. For example, a conditioning hyperpolarization significantly slows the rise of the K current [the Cole-Moore effect (43)] but without affecting the Na current. This would be difficult to explain with a singlepathway scheme in which K permeation is strongly coupled to the initial Na permeation. The effects of toxins such as tetrodotoxin (165, 174) and saxitoxin (172) also supported the view that physically distinct pathways existed (100). Both these toxins were found to affect only the early transient (Na) conductance changes, with no effects on the amplitude or kinetics of the K conductance. Further pharmacological separation was achieved by l,l,l-trichloro-2,2-bis(p-chlorophenyl)ethane (100,171), which altered the time courses of the Na and K conductances differently, and by TEA (99, 150, ZOO), which affected only the K conductance. Additional kinetic evidence against the single-channel hypothesis was the ability of pronase to remove Na channel inactivation without affecting the K conductance (7). This could not occur in a single-pore scheme where the K conductance developed only after Na inactivation was completed.
After 1970 there seemed little reason to further argue the issue. New ideas about membrane structure along with the surge in conductance-specific drugs and toxins (for reviews see Refs. 103, 164, 208) made the single-pathway models less plausible, even before Armstrong et al. (7) 
B. Conductance and Permeation
In Hodgkin and Huxley's (11.2) analysis, the magnitudes of the individual Na and K currents were seen to be determined by two factors, an electrical "driving force"
that arises as the membrane potential was clamped further from the ion's equilibrium potential and the ability of the ions to traverse the membrane. This ability, representing the permeability of the membrane to each ion, would be related to the magnitude of the current (I), the clamp voltage (V), and the reversal potential for the ion (E,,,) by the quotient I/ ( V -E,,,) , which has the dimensions of a conductance (current divided by a potential difference) (112). Defined in this manner, this (chord) conductance related the time and voltage dependence of the membrane current to the actual (but completely mysterious) movements of ions through the membrane.
In principle, the validity of the conductance as a measure of ion permeability and as the conceptual basis for Hodgkin and Huxley's kinetic analysis could be tested by measuring ion fluxes during the action potential. In fact, this work had already begun almost as soon as radioactive tracers became available at the end of the Second World War. Net fluxes of 24Na or 42K from Sepia (132, 133) or squid (84, 193) axons during stimulation supported the idea that ions were moving across the membrane during action potentials.
However, did the time course of each ion's flux correspond to that of its conductance? Hodgkin and Keynes (118) used the Sepia axon and radiolabeled K to demonstrate that the late outward current was sustained by K. Eight years later, Spyropoulos et al. (206) used a rapidly rotating disk with compartments along its edge to collect fluid that flowed past Nitella or squid axons during repeated stimulation. In Nitella, the time course of efflux of 42K, 134Cs and 86Rb unexpectedly approximated the entire time course of the action potential. Squid axons (injected with TEA to prolong the impulse) also yielded a puzzling result in that cation efflux occurred as two peaks, one at the beginning and the other at the end of the impulse. Given the technical difficulties associated with these types of experiments and the widespread acceptance of the Hodgkin-Huxley paradigm by that time, these results were not generally viewed as evidence that Hodgkin and Huxley's entire theory was wrong (however, see Refs. 213, 216). They were seen instead as anomalies that would eventually be explained within the context of the paradigm. This did, in fact, occur as the anticipated results were eventually obtained from careful measurements of 24Na or 42K efflux from space-and voltageclamped axons (170).
C. Independence Principle: Success in Failure
By making the assumption that "any individual ion will cross the membrane in a specified interval of time independent of the other ions present," Hodgkin and Huxley (112) made an explicit statement about the mechanism of ion permeation that initiated the many subsequent studies that have led to our current understanding of this process. Their mathematical description of the changes in current as a function of ion concentration and voltage is similar to that of Ussing (220) and Teorell (217) and yielded the independence relation
where Mi and 1M, represent the influx and efflux of a cation such as Na, E is the membrane potential, the Na equilibrium potential ( ENa) = (RT/F) ln[ Na]J[ Na], (where [Na]i and [N a are the intra-and extracellular I0 concentrations of Na, respectively), F is Faraday's constant, R is the gas constant, and T is absolute temperature (in OK). Their experiments were carried out simply by varying external Na concentrations and measuring peak current densities in voltage-clamped giant axons from Loligo forbesi. When they plotted the resulting peak current as a function of the voltage-clamped membrane potential, their experimental results were approximately equivalent to those predicted by Equation 3 if the predicted currents were multiplied by a correction factor that compensated for small shifts in resting potential or changes in fiber condition during the experiment. Thus it appeared that within experimental error, independence of ion movement could be assumed (112). Although these studies originally involved only Na currents, they are widely accepted as a basis for evaluating the manner in which any ion, or group of ions, moves across membranes.
By 1955 the reality of independent ion movement across the plasma membrane was questioned. Although Hodgkin and Keynes (118) were able to show that K ions within axoplasm were free to move under the influences of diffusion and the electric field, actual K flux ratios (measured with 42K) were much different from those predicted by the independence relation (Eq. 3). When the external K concentration was altered at constant membrane potential, influx and efflux did not change as expected. Instead, efflux increased when external K was decreased, as though it were easier for K ions to move out when the number of ions moving in the opposite direction was reduced. Moreover, influx did not increase lo-fold as expected for a lo-fold increase in external K but rather increased 20-to 40-fold (119). Therefore, independence, which requires linear unidirectional fluxconcentration ratios, failed to describe the experimental observations.
The measured fluxes could only be described if the flux ratios were raised to a power equal to 2.5. Hodgkin and Keynes (118) speculated that such anomalously high flux ratios could come about if ions moved in single file through narrow channels. The combination of these observations and speculations, along with their later tests with mechanical models (see next section), stimulated the development of many new ideas about the nature of ion permeation through the ion channels. The failure of the independence principle stimulated debate as to how particular ions moved through the membrane. The structures that are involved and their interactions with permeant ions have remained topics of intense interest to the present day.
Hodgkin and Keynes (119) attempted to explain the anomalously high flux ratios through the use of a mechanical model consisting of two Petri dishes joined by a length of tubing and containing an unequal number of steel balls (representing permeant ions) within each compartment.
A critical part of the model was that the tube (or channel) connecting the compartments was sufficiently narrow to constrain the balls to move in single file. When the compartments were shaken, the balls moved through the tubes. If the compartments were separated by a short channel, the flux ratio of balls was equal to the concentration ratio of the balls in the two compartments.
However, when the balls were constrained to move across a long, narrow tube, the flux ratio of balls was much larger than the concentration ratio. This phenomenon is now referred to as the "long pore effect" of ion channels. Given experimental evidence that requires flux ratio exponents between 1.5 and 3.3 (16, 119) and assuming a long, narrow pore constraining ions to move in single file, it is likely that K channels are multi-ion pores that allow simultaneous passage of at least three K ions (104).
Multi-ion behavior can also be evident in the relationship between the (thermodynamic) activity of permeating ions and conductance. As the activity of ions in solution is raised, K conductance (as computed from the slope of instantaneous current-voltage relationships) rapidly increases, then saturates, and at very high activities declines (107,221). Although saturation can be predicted in either one-ion or multi-ion pores when most of the available ion-binding sites are occupied, only in multi-ion pores can the conductance decline at high activities. That is, when transport is limited by the requirement that a vacancy move from one side of the pore to the other and any vacancy is rapidly occupied by ions in both internal and external bathing solutions, conductance should actually decrease. Although this effect has not yet been observed for K channels, it is not inconsistent with other clear evidence that the K channel is a multi-ion pore.
E. Can More Than One Type of Ion Occupy the Channel at the Same Time?
Evidence that another ion (X) can occupy the pore at the same time as K comes from measurements of ion permeabilities.
The permeability ratio for two ions (P,/ PK) is calculated from any change in the zero current reversal potential ( AE,,,) that is caused by altering the concentration of one of the permeant ions. For a channel in which the movement of ions obeys the independence principle, P,/P,
is independent of voltage and concentration.
For a one-ion channel, the permeability ratio is a function of voltage but not of concentration. However, for a multi-ion channel, the ratio should be a function of both voltage and concentration, since in such a channel the ease with which ions enter and leave the channel is affected by the presence of other ions within the pore (140). Experimental confirmation of concentration-dependent permeability ratios (107, 221) supports the idea that ions with differing permeability characteristics may be simultaneously present within the K channel pore region.
A second experimental observation that supports the concept that channels can contain more than one type of ion simultaneously is the nonmonotonic relationship between conductance or reversal potential and the mole fraction of two cations having different channel permeabilities (11, 88) . In single-occupancy channels, the total current in mixtures of ions A and B must either increase or decrease as a function of the mole fraction: [A]/([A] + [B] ). If, however, the current goes through a minimum or a maximum as the mole fraction of ions A or B is increased, then the channel is said to demonstrate an anomalous mole fraction effect. Although this effect has been most often observed with macroscopic currents, it has also been observed in single-channel conductances from K channels in Nitella (59) .
The anomalous mole fraction effect has been found in several types of ion channels (62, 73, 88, 175, 189, 221) . If, as suggested by Hille and Schwarz (107) , such minimums require interactions among ions and their binding sites within the permeation pathway and are functions of the relative occupancies of these sites, the distinct minima suggest either different relative X/K binding site affinities for each test ion or different electrical distances to the binding sites. Although the mole fraction effect is widely interpreted as the result of multiple permeant ions interacting within the pore, multiion occupancy does not necessarily result in the mole fraction effect (227). In addition, Armstrong and Neyton (9) have proposed a one-site model for Ca channels that can reproduce most of the phenomena usually attributed to multi-ion pores, including anomalous mole fraction effects.
A third characteristic of a channel that can simultaneously contain different ion types is a steep voltage-dependent block of permeant ion current in the presence of relatively impermeant ions. In channels allowing only one monovalent ion within their electrical field at any instant in time, blocking ions that penetrate part way through the membrane electric field exhibit an effective valence (product of the valence of the blocking ion and the electrical distance to the blocking site) never greater than 1.0. However, for Cs block of the voltage-dependent K channel in squid (2, 70) or lobster axon membranes in bilayers (54) or of the inward rectifier in starfish egg cell membranes (89) , the effective valence is between 1.0 and 2.0. In the squid K channel, this voltage-dependent K CHANNELS SINCE HODGKIN AND HUXLEY S61 block can apparently be relieved by elevating K on the side of the membrane opposite to the blocking ions (2, IO, 21, 71) . This phenomenon can be accounted for by assuming that K ions move into the channel a sufficient distance to repel the blocking ion, thus relieving the block. Such apparent interactions between ions within the pore allow multi-ion rate theory models to predict both high-valence voltage-dependent block and block relief by permeant ions (15, 70) .
Current-voltage relationships from multi-ion channels provide a graphical biophysical description of what might be an asymmetric energy pathway. If permeation pathways are asymmetric and unique for each ion, it is predicted that the magnitude of the currents, the shape of the current-voltage relationships, and therefore the calculated conductances will depend on the direction of current flow (107) . An asymmetric energy pathway would produce nonlinearities in instantaneous currentvoltage curves even for symmetrical concentrations of permeant cations. There would be a distinct curve for each ion. These characteristics have been observed for the delayed rectifier K current in the squid giant axon (221). More recently, genetic mutations producing rectifying regions in current-voltage relationships are providing opportunities for further investigation of unique ion channel interaction sites. For example, changes in inward current rectification and therefore in slope conductance can be seen for some ions but not all, with single point mutations within the conserved pore-forming region of K channels (225). Selectivity, as originally described by Erhlich (63) , embodies the notion of receptor-ligand interaction or binding. For ions to be selected, they must bind to a portion of the channel (the filter) that is ultimately responsible for their passage. This selectivity filter must not only interact with permeating ions but must also allow high flow of ions (lo7 ions/s). There are most likely unique structural contributions, specific for each ion, to filter dimensions, electrical site field strength, and the strength of ion-water interactions (223). In addition, multi-ion repulsion within the pore might contribute to the high flow rates that are observed (138). Whatever structures are involved, selectivity must ultimately arise from the difference between hydration and site interaction energies (61) . Hille (104) proposes that the K channel would have to be equivalent to a weak field strength site so that ions other than K would remain destabilized and unable to compensate for the strong dehydration as the channel narrows to 3 A. This balance of forces selecting for and against ions leaves the K channel, like other channels, imperfectly selective. At least four ions permeate rather well: K, Tl, NH,, and Rb.
Recent attempts to pinpoint the primary structural determinants of the pore region, and in particular the selectivity region, have been successful in altering permeability and conductance in a cloned K channel (225). Through recombinant DNA manipulations producing chimeric channels (92) or by careful selection of amino acid mutations in the sequences of K channel clones (152, 153, 224) , the K channel pore region might have been located. Within this region, mutations to specific amino acids [for example, serine for threonine at position 441 or serine for phenylalanine at position 433 in an A-type (50) K channel clone from DrosophiZa (225)] altered the permeability to some, but not all, ions that interact with the pore region. This observation lends credence to the conclusions from electrophysiological experiments and theoretical models that there might be distinct sites of interaction between each ion type and the channel structure.
G. How Should Potassium Channel Permeation
Be Modeled?
A large body of work supports the view that the K channel is a multi-ion single-file pore that selects primarily for K. An appropriate model of this permeation pathway would encompass these observations, assist our understanding of them, and lead to future experimental directions. One approach to modeling permeation is based on the Eyring rate theory in which the permeating ion encounters and crosses over (in a thermodynamic sense) discrete (but hypothetical) potential energy barriers as it traverses the pore. Although this thermodynamic approach has been quite successful, largely because of its intuitively pleasing results and its computational ease, the physical identities of the barriers and wells within the pore or the physical separation between them cannot be deduced from the theory. Moreover, this theoretical approach has several very real shortcomings.
For example, two of its most basic assumptions, the existence of high-affinity ion-binding sites (deep energy wells) and the absense of collisions between permeating ions as they move from these deep wells to the top of the energy peaks, are not likely to be true for real channels (56) .
A second approach, diffusion theory, begins with a physical model and approximates the process of ion movement within a pore, attempting an explanation of how permeation occurs in terms of ion encounters with various charged or polar groups within or near the pore. Although diffusion theories do not suffer from the failure of basic assumptions as described for the reaction rate theory above, they do not explicitly handle ion-ion interactions, such as saturation in conductance with increases in ion concentration. In fact, although these theories converge at low permeant ion concentrations (78) , at high concentrations of ions, or in multi-ion pores, the continuum solution becomes very complicated. Moreover, to simplify the use of diffusion models, the number of parameters must be reduced. This requires the use of simplifying assumptions, such as the existence of constant electric fields within the membrane, and restric-S62 BARRY S. PALLOTTA AND P. KAY WAGONER Volwlne 72 tions in spatial variation of the channel to only one axis (56) . As pointed out for the reaction rate theory, these particular assumptions are not likely to prove true for real ion channels either. There have been many attempts over the last decade to improve the theoretical descriptions of movement of ions through pores. For example, attempts have been made to use combined mathematical approaches or "hybrids" (139, 141). For example, stochastic derivations of diffusion theory, along with the theory of Brownian motion and first-passage times, have been used to derive expressions for motion within pores (32, 53, 124) . Recently, continuum theory has enjoyed a reintroduction (77) . By combining Nernst-Planck and Poisson equations, Levitt (142,143) described ion fluxes that were fully determined by channel geometry, interactions between ions, and interactions between the ions and channel wall. Multi-ion interactions were simply described by summations of individual ion-ion interactions. Whichever type of theory is used, the necessity for modeling the observed experimental complexity of K channels as the basis for understanding structure is the challenge. Perhaps, for the present, the best approach is a hybrid one, combining Brownian motion and continuum theory to determine specific rate constants and rate theory to model overall kinetics (139,141).
Significant advances in our ability to effectively model the permeation process will occur as we gain more information about the secondary and tertiary structures of those segments of the channel that participate in permeation. For example, recent mutational analyses suggest that as few as eight amino acids within the presumed pore region (S5-S6 linker) might traverse 80% of the membrane electric field (224). The potential problem raised by this tentative conclusion is how to accommodate multiple binding sites in single file within such a short stretch of amino acids. Yellen et al. (224) suggest that this region of the channel dips into the membrane, makes a hairpin turn, and returns to the outside, all the while maintaining a fully extended pconformation (85-U). Such a structure would be of sufficient length to accommodate multiple ions in single file with unique binding sites for each ion. On the other hand, Durell and Guy (60) have proposed that the S5-S6 linkers from each subunit are arranged in an eightstranded antiparallel ,&barrel (192) only 20 A long that spans only the outer half of the membrane. Residues 9-18, centered about the hairpin turns, would cluster to form the selectivity filter. This structure would allow a large voltage drop across the linker segment while a ring of four negatively charged aspartate residues might create an electric field large enough to attract several ions into the barrel structure. It is significant that the multiple binding sites inferred from studies of permeation were interpreted as physical constraints on possible conformational models of the pore. This interplay between our knowledge of the structure of the pore and the manner in which ions are able to travel through it will most likely lead to an identification and understanding of the phvsical principles that govern the permeation process. Whether the relatively simple models with static binding sites will be profitably replaced by those that describe the behavior of permeating ions within a constantly fluctuating protein-water-lipid environment (see Refs. 56, 104) remains to be seen.
VI. CONCLUSIONS AND FUTURE DIRECTIONS
From Hodgkin and Huxley we have inherited a common ground or tradition that guides our exploration of membrane excitability by identifying significant problems that must be resolved. This tradition, representing an understanding of ion channel gating and permeation, and the instrumentation that we use to make the significant measurements together comprise the Hodgkin-Huxley paradigm. This paradigm continues to motivate intensive scientific efforts by providing significant questions and an assurance that the answers to these questions can be found.
In 1952 there was only one permeation pathway for K ions through the excitable membrane. Depolarizing membrane voltages caused this conductance to activate with a sigmoidal time course, possibly due to an intcraction between charged or dipolar gating "particles" and the electric field. Whatever the actual mechanism, K ions (and only K) flowed through this pathway in a manner that was independent of the presence of other ions. No drugs were known to be specific for the K conductance, and there was no evidence that the K conductance was physically distinct from the Na conductance. Furthermore, it had but one function, to repolarize the squid axon and complete the action potential.
In 1992 there are many different voltage-dependent K channels performing a variety of electrical and secretory functions. These channels are apparently ubiquitous in a variety of different excitable and nonexcitable types of cells (103, 194) . Depolarizing membrane voltages cause the channel to activate (and in some cases to later inactivate) as specific segments of the tetrameric channel protein interact with the electric field. Permeation involves numerous interactions between the hydrated K ions and the pore-forming regions of the channel protein. Fluxes are not independent but are highly coupled because more than one ion (K or others) can occupy the channel at the same time. The K conductance is often separated from other conductances by kinetic means, specific drugs or toxins, patch-clamp methods, or by expression of channel clones.
Is there another conceptual framework waiting to replace the current one ? Again, this depends on your viewpoint. To most researchers in this field, the Hodgkin-Huxley paradigm has been broadly verified, and there is a sense that progress is being made toward an understanding of the actual mechanisms of excitability. To this group there are yet many significant puzzles to be solved. This situation is to be contrasted with that in seismology (131) and meteorology (130), where there is a widespread sense that the field is in a crisis state as a result of unexplainable phenomena. However, an im-K CHANNELS SINCE HODGKIN AND HUXLEY S63 portant characteristic of scientific paradigms is that they contain theories and concepts that specify the conditions of their own demise (74) . These concepts allow inconsistent (or anomalous) observations to be easily recognized and to become a focal point for further experimentation.
When these anomalous results are perceived to be counterexamples to the existing paradigm, then the lines of experimental inquiry are opened that can lead to the next major revision. Until that happens, we will continue to celebrate the Hodgkin-Huxley revolution. 
